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We have examined the expression and function of a gene, vlf-1, of Autographa californica nuclear polyhedrosis virus that
is known to encode a regulator of very late gene transcription. Western blot analysis revealed that vlf-1 is expressed during
the late phase of infection, primarily from 15 to 24 h postinfection. VLF-1 localized in the cell nucleus and was also present
in the nucleocapsids of virus particles. Mapping of vlf-1 mRNA by primer extension showed that transcription initiates at a
TAAG motif 71 bp upstream of the vlf-1 open reading frame. Disruption of this TAAG motif abolished the ability of vlf-1 to
stimulate transcription from the very late polyhedrin gene (polh) promoter in transient expression assays, suggesting that
vlf-1 expression is controlled by the TAAG motif. Using a highly efficient system to construct recombinant viruses with
modifications in vlf-1, we confirmed that the TAAG motif was essential. Furthermore, efforts to construct null mutants of vlf-1
failed, suggesting that vlf-1 is an essential gene for virus replication. Computer-assisted sequence homology searches place
vlf-1 in the l phage integrase family (McLachlin and Miller, 1994). None of the strictly conserved residues of this family which
are found in vlf-1 could be changed in the viral genome, implying that the putative integrase activity of VLF-1 is associated
with the essential function of vlf-1. However, mutation of a crucial active-site tyrosine did not affect the ability of vlf-1 to
transactivate the polh promoter in transient expression assays, indicating that the very late transcriptional activity of VLF-1
does not require the integrase activity. © 1998 Academic Press
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INTRODUCTION
Genes of Autographa californica multiple nucleocap-
sid nuclear polyhedrosis virus (AcMNPV) are expressed
in a cascade manner involving at least three phases of
transcription: early, late, and very late phases (Friesen,
1997; Lu and Miller, 1997). Early genes are transcribed
within the first 6 h of infection. Late gene transcription is
activated following the initiation of viral DNA replication
around 6 h postinfection (p.i.) and expression is maximal
by 18 to 24 h p.i. Very late gene transcription starts
between 18 and 24 h p.i. and undergoes a dramatic
increase through 36 h p.i. while the transcription of other
viral genes declines. The genes encoding polyhedrin
and P10, polh and p10, respectively, are the two most
prominent very late genes.
Late genes and very late genes are thought to employ
a similar transcription machinery unique to the virus
based on the following facts: (1) they are transcribed by
an a-amanitin-resistant RNA polymerase, which is differ-
ent from host RNA polymerase II (Beniya et al., 1996;
Fuchs et al., 1983; Glocker et al., 1992, 1993; Huh and
Weaver, 1990; Yang et al., 1991); (2) viral factors are
involved in their transcription and all the viral factors
required for late gene transcription are also required for
very late gene transcription (Todd et al., 1995, 1996); and
(3) they both use a TAAG motif as a transcriptional start
site (Lu and Miller, 1997).
The features which characterize and distinguish late
and very late promoters include the TAAG and a ‘‘burst
sequence.’’ The TAAG sequence is absolutely required
for both late and very late gene transcription and, com-
bined with a few surrounding nucleotides, acts as a
minimal late promoter (Howard et al., 1986; Morris and
Miller, 1994; Ooi et al., 1989; Possee et al., 1991; Rankin
et al., 1988; Rohrmann, 1986). The virus-induced a-aman-
itin-resistant RNA polymerase presumably recognizes
such a minimal late promoter. In addition to the TAAG
motif, the DNA sequence between the TAAG and the
translational start codon of polh is an important element
in regard to defining the drastically increased expression
from the polh promoter in the very late phase of infection
(Ooi et al., 1989; Rankin et al., 1988). Deletion analysis of
the p10 promoter suggests that the sequence at an
equivalent position in this very late promoter plays a
similar role (Weyer and Possee, 1988). But such a burst
sequence is not found in the late vp39 promoter (Morris
and Miller, 1994).
In addition to differences in the structure of late and
very late promoters, there is evidence that at least one
viral protein is involved in the transition from late to very
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late gene expression. A viral gene required for the ‘‘burst’’
of very late gene transcription, very late expression fac-
tor 1 gene (vlf-1), was identified by marker rescue
(McLachlin and Miller, 1994) of a temperature-sensitive
(ts) mutant virus, tsB837 (Lee and Miller, 1979), which is
defective in occlusion body (OB) production at nonper-
missive temperature. The failure of tsB837 to produce
OBs is due to a significant reduction in the level of polh
mRNA. Transcription and expression of p10 is also re-
duced at nonpermissive temperature, although to a
lesser extent. However, the production of budded virions
(BVs) and the transcription of vp39 and the 603 ORF,
which are late genes, are not affected. Therefore, the
tsB837 mutation seems to affect transcription of very late
genes specifically. The specific stimulation of very late
promoters by VLF-1 can be observed in transient expres-
sion assays (Todd et al., 1996). Biochemical evidence
also supports the view that one or more proteins are
involved in the transition from late expression to very late
expression; RNA polymerases purified from virus-in-
fected cells during the late or very late phases of infec-
tion show a preference in transcribing late or very late
promoters (Xu and Guarino, 1995).
The sequence of the vlf-1 open reading frame (ORF)
predicts a 44.4-kDa polypeptide containing the two con-
served regions of the l phage integrase (Int) family
(McLachlin and Miller, 1994). In general, members of the
l phage Int family lack sequence similarity except for
two regions near the C-terminus containing four well-
conserved residues: an arginine in region A and a histi-
dine-arginine-tyrosine triad in region B (Abremski and
Hoess, 1992; Argos et al., 1986). vlf-1 possesses the two
conserved regions and three of these four conserved
residues with only the histidine missing. Members of the
Int family vary in their biological roles but they all pro-
mote homologous recombination between two target
sites, each of which is usually composed of two inverted
repeats separated by a spacer. The reaction involves
breaking and religating the target DNA sequences. Dur-
ing recombination, the integrase covalently attaches to
the DNA substrate via the conserved tyrosine, forming an
intermediate which is required for recombination to pro-
ceed (Landy, 1993). The conserved residues are part of
the active site which catalyzes the breaking and reform-
ing phosphodiester bonds while the other more varied
parts participate in functions that are specific to individ-
ual integrases such as target site recognition and pro-
tein–protein interactions (Abremski and Hoess, 1992;
Friesen and Sadowski, 1992; Kwon et al., 1997; Lee et al.,
1992; Pargellis et al., 1988; Parsons et al., 1988, 1990;
Prasad et al., 1987).
In this paper, we report our studies on the temporal
expression of vlf-1 and the localization of the vlf-1 prod-
uct. By mutational analysis, we explore the relationship
between the putative integrase activity and the function
of VLF-1. We propose that VLF-1 has a function which is
required for virus replication as well as a role in very late
gene transcription activation.
RESULTS
A TAAG motif is involved in vlf-1 expression
Previous Northern blot analysis revealed that at least
six RNAs are transcribed from the vlf-1 region (McLachlin
and Miller, 1994). Two of them appear to be early tran-
scripts while the other four are typical late transcripts.
However, it is not clear which of these transcripts are
used for translation of vlf-1. To further study the transcrip-
tion of vlf-1, primer extension was performed using a
59-end-labeled 23-nucleotide oligomer, 16J-vlf-1 (59-GC-
GAACATTAAAACCGTTCATTG-39), which is complemen-
tary to nucleotides 2 to 21 of the vlf-1 ORF (Fig. 1A). At
least six extension products were detected. Notably, the
major product (Fig. 1B, arrows) terminated at a TAAG
motif 71 bp upstream of the vlf-1 ORF. This transcript was
not detected until 12 h p.i. and was not found following
aphidicolin or cycloheximide treatment. Taken together,
these results indicate that vlf-1 is transcribed from a
typical late promoter located immediately upstream of
the vlf-1 ORF but that additional transcripts of a poten-
tially multi-cistronic nature are initiated further upstream.
It was of interest to determine whether the transcript
initiated from the TAAG motif at 71 bp was responsible
for vlf-1 expression. To address this issue, we mutated
the TAAG to TGCG and tested this mutant in a transient
assay as described before (Todd et al., 1996). Briefly, a
reporter plasmid containing a polh promoter-driven
chloramphenicol acetyltransferase (CAT) gene and a set
of AcMNPV genomic clones collectively containing the
series of late expression factors (lefs) which support late
gene expression (Todd et al., 1995) are transfected into
SF-21 cells. A plasmid containing vlf-1 is supplied sepa-
rately to activate very late gene expression in the trans-
fection. Because the polh promoter can be stimulated by
VLF-1, addition of a functional vlf-1 construct stimulates
reporter gene expression 5- to 10-fold more than addition
of a nonfunctional vlf-1 construct (Todd et al., 1996).
Therefore, this assay can be used to assess whether the
vlf-1 construct is functional or not. The plasmids used to
supply vlf-1 were based on pXA7 which contains vlf-1 as
well as sequences 1.7 kb upstream and 3.7 kb down-
stream of the vlf-1 ORF. As shown in Fig. 2, pXA7 con-
taining wild-type (wt) vlf-1 was unable to activate expres-
sion from the late vp39 promoter of the reporter plasmid
pCAPCAT but showed a 5- to 6-fold stimulation of ex-
pression from phcwt containing CAT under very late polh
promoter control. pXA7dBSA, which contains a nonfunc-
tional vlf-1 due to a frameshift mutation in the vlf-1 ORF,
was used as a negative control for vlf-1. Addition of
pXA7TGCG, a plasmid containing vlf-1 with the TAAG
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motif upstream of the vlf-1 ORF mutated to TGCG, failed
to activate expression from the polh promoter. Thus, the
TAAG motif is important for vlf-1 to function in this assay.
Because the vlf-1 ORF in pXA7TGCG is wild type, the
inability of this vlf-1 construct to activate expression from
the polh promoter is most likely due to low expression
level of vlf-1, implying that vlf-1 expression is controlled
by this TAAG motif.
Temporal expression of vlf-1
We next examined the temporal expression of vlf-1 in
AcMNPV-infected SF-21 cells by Western blot analysis
using a polyclonal antibody raised against a TRPE-VLF-1
fusion expressed in Escherichia coli (see Materials and
Methods). The immune serum detected a peptide with an
estimated molecular weight of 52 kDa in wt AcMNPV-
infected cells and a slightly larger peptide in cells in-
fected with recombinant virus vcFgvlf1 containing a
FLAG tag at the C-terminus of VLF-1, consistent with the
fact that the FLAG-tagged VLF-1 fusion is slightly larger
than VLF-1 (right half of Fig. 3A, compare lanes 2 and 3).
Both bands were detected in cells infected with vcFgvlf1
following transfection with plasmid pXA76.9, which con-
tains a p6.9 promoter-driven vlf-1 and can thus express
vlf-1 in a viral infection-dependent manner (right half of
Fig. 3A, lane 4). Therefore, the immune serum recognized
VLF-1 although the size of the peptide is larger than the
predicted size of VLF-1 (44.4 kDa). A 32-kDa polypeptide
was also detected with the immune serum and appears
to be a virus-induced crossreacting protein.
During infection, VLF-1 was first detected 15 h p.i.,
increased in abundance through 24 h p.i., and declined
only slightly thereafter (Fig. 3B). Thus VLF-1 is present
throughout the very late phase even though transcription
FIG. 2. Ability of vlf-1 mutants to transactivate late or very late gene
expression in transient expression assays. The following were cotrans-
fected into SF-21 cells: (1) a reporter plasmid (either pCAPCAT or
phcwt, which contains the vp39 promoter or the polh promoter-driven
CAT gene, respectively), (2) the AcMNPV genomic clone library (Pas-
sarelli and Miller, 1993) lacking PstH5 and HC9, which contain lef-3 and
vlf-1, (3) plasmid pSDEM2 (Li et al., 1993), which contains lef-3, and (4)
one of the following plasmids: pXA7 (containing wt vlf-1), pXA7dBSA
(containing a frameshift in vlf-1), pXA7TGCG (with the TAAG in vlf-1
promoter changed to TGCG), pXA7R210D (containing the R210D muta-
tion in vlf-1), pXA7R303A (containing the R303A mutation in vlf-1), and
pXA7Y335F (containing the Y335F mutation in vlf-1). Lysates of the
transfected cells were assayed for CAT activity 72 h after transfection.
The experiment was done in triplicate. Each time, the CAT activity of
transfection with pCAPCAT and pXA7dBSA was arbitrarily set as 100%.
The relative CAT activities of transfections were calculated based on
this standard. Standard errors were determined from the triplicate data.
FIG. 1. Mapping the 59-ends of vlf-1 transcripts by primer extension.
(A) Schematic description of the strategy used; the position of the
primer 16J-vlf-1 is indicated by the arrow with the 59-end radiolabeled
as indicated by a star. The TAAG motif 71 bp upstream of vlf-1 ORF is
shown in a box. (B) Autoradiogram showing primer extension products.
The products corresponding to the TAAG motif at 271 bp are indicated
by arrows. The times after infection when total RNA was extracted from
mock or AcMNPV-infected cells are indicated at the top of the gel. RNA
from cells treated with aphidicolin (A) or cycloheximide (C) was ex-
tracted 12 h p.i. as described (McLachlin and Miller, 1994). A sequenc-
ing ladder generated using the same primer (16J-vlf1) is shown in the
left four lanes. The sequence flanking the 59-end of the extension
products is indicated to the left of the autoradiogram.
101ANALYSIS OF THE BACULOVIRUS vlf-1 GENE
initiation from the TAAG motif 71 bp upstream of vlf-1 ORF
is greatly reduced in very late phase (Fig. 1B), suggesting
that VLF-1 is stable.
Localization of FLAG-tagged VLF-1
To determine whether VLF-1 is a component of the virus
particles, we purified BVs on sucrose gradients and further
fractionated them into envelope and nucleocapsid frac-
tions. In addition, we prepared OBs and treated a portion of
the preparation with alkali to disrupt the OBs and release
occluded virions (OVs). We examined these preparations
for the presence of VLF-1 by Western blot analysis using the
polyclonal VLF-1 antibody. VLF-1 was detected in alkali-
solubilized OBs, BV, and the BV nucleocapsid fraction but
not in the envelope fraction or in intact OBs (Fig. 3C). Failure
to detect VLF-1 in intact OBs indicated VLF-1 was within
OBs, not contaminating the preparation externally. There-
fore, VLF-1 was present in both OV and BV, and localized to
the nucleocapsid fraction of the virions.
We also determined the location of FLAG-tagged
VLF-1 within the cell by immunofluorescence analysis.
Because the polyclonal VLF-1 antibody reacts with at
least one virus-induced protein in addition to VLF-1, we
used the monoclonal FLAG antibody which exhibits min-
imal background in Western blots of lysates of infected
cells. As shown in Fig. 4D, the background signal in wt
AcMNPV-infected cells is low. When cells were infected
with vcFgvlf1, a recombinant virus expressing a C-termi-
nally FLAG-tagged VLF-1, we found that the FLAG-tagged
VLF-1 was present in the nucleus (Fig. 4E). Similarly, the
FLAG-tagged VLF-1 was also localized in the nuclei of
cells (Fig. 4F) transfected with pXA7hspFg, a plasmid
containing a FLAG-tagged vlf-1 driven by the hsp70 pro-
moter, indicating that transport of FLAG-tagged VLF-1
into the nucleus did not require viral factors. Similar
results were also obtained using the polyclonal antibody
to VLF-1 although there was a higher background fluo-
rescence even in uninfected cells. Thus, VLF-1 was lo-
calized primarily in nucleus and its transport did not
require other viral gene products.
vlf-1 is an essential gene
To study the biological functions of vlf-1, we introduced
mutations into vlf-1 and its flanking regions in the context
of the viral genome. To facilitate this mutational analysis,
we first made vncBsuvlf1 (Fig. 5A), a recombinant virus
having a Bsu36I site at each end of the vlf-1 ORF, by
means of homologous recombination (see Materials and
Methods). No amino acid of VLF-1 is predicted to be
changed by the introduction of these two Bsu36I sites.
Attempts to construct other recombinant viruses were
made by cotransfecting Bsu36I-linearized vncBsuvlf1
DNA with a transfer plasmid which contained a mutation
in vlf-1. This proved to be a very efficient system to obtain
recombinant viruses. For example, pXA7, a transfer plas-
mid having wt sequence of the vlf-1, generated BVs with
a titer of 4.8 3 106 plaque forming units (PFU)/ml in the
transfection supernatant while the background level was
only 3.6 3 104 PFU/ml, as when phcwt, a plasmid con-
taining no sequence of the vlf-1 region, was cotrans-
fected with the linearized vncBsuvlf1 DNA (Fig. 5B). The
background plaques appeared to be wt viruses which
probably arose from DNA which was not fully cut by
Bsu36I.
As shown in Fig. 5B, two sharply different results were
obtained when using this approach to introduce mutations
into the vlf-1 region. One group of transfer plasmids re-
FIG. 3. Immunoblot analysis showing the detection of VLF-1 by a
polyclonal antibody, the temporal expression of vlf-1 in AcMNPV-in-
fected SF-21 cells, and the presence of VLF-1 in virus particles. (A) Cells
were infected with mock (lane 1), wt AcMNPV (lane 2), or vcFgvlf1
(lanes 3 and 4) and lysed 24 h p.i. Cells in lane 4 were also transfected
with plasmid pXA76.9 4 h prior to infection. Proteins were separated by
SDS–PAGE and Western blotted. The same blot was analyzed first with
preimmune serum (left half) and then with anti-VLF-1 immune serum
(right half). FLAG-VLF-1 fusion and VLF-1 are indicated by arrows. The
position of molecular weight markers (in kilodalton) are shown on the
right. (B) Cell lysates were prepared at times indicated at the top of the
gel and Western blot analyzed with the anti-VLF-1 immune serum. (C)
Intact OBs, alkali-disrupted OBs, BVs, BV envelope, and BV nucleocap-
sid fractions were prepared and the presence of VLF-1 in the prepa-
rations was determined in the same way as in B. BV envelope and BV
nucleocapsid fractions from equal amounts of BVs were used.
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sulted in high titer stocks (.106 PFU/ml) of BVs in transfec-
tion supernatants and the majority of the progeny virus in
such stocks were double-crossover recombinants. In-
cluded in this group were pXA7; pXA7cFgvlf1, which has a
FLAG tag at the C-terminus of the vlf-1 ORF; pXA7tsEB,
which contains the tsB837 mutation (McLachlin and Miller,
1994); and pXA7polhHis, which has a 6 3 His-tagged vlf-1
fusion under the control of a 92-bp polh promoter. For
example, more than 95% of the progeny virus generated
from pXA7tsEB and pXA7polhHis, which resulted in recom-
binants tsB837 and vpolhHisvlf1, respectively, were double-
crossover recombinants (data not shown). tsB837 produces
OBs 1–2 days later than wt AcMNPV at 27°C (a tempera-
ture intermediate between the permissive and nonpermis-
sive temperature for tsB837) and vpolhHisvlf1 produces
only a few tiny OBs in each cell in a delayed manner,
making their plaques easily distinguishable from that of the
parental virus (vncBsuvlf1).
In contrast, other transfer plasmids with mutations in vlf-1
produced much less BVs (usually , 105 PFU/ml) in the
transfection supernatants and no double-crossover recom-
binants were obtained. pXA7dBSA, which contains a dis-
rupted vlf-1 ORF due to a frameshift mutation, belongs to
this group, suggesting that a vlf-1 null recombinant is not
viable or has an extremely low titer. No occlusion-negative
plaques were observed, a phenotype which would be ex-
pected of a vlf-1 null recombinant if it is involved only in
activating very late promoters. Thus, vlf-1 appeared to be an
essential gene. However, it was also possible that the
frameshift mutation might affect other essential gene prod-
ucts in addition to VLF-1. To rule out this possibility, we
introduced a frameshift mutation into the 6 3 His tag se-
quence of pXA7polhHis. Although cotransfection with
pXA7polhHis resulted in a viable recombinant virus, the
transfer plasmid with the frameshift in the 6 3 His tag,
pXA7polhHisd, did not yield double-crossover recombinant
viruses. This result supports the conclusion that vlf-1 is
essential to the viability of AcMNPV.
To assess the importance of the TAAG motif 71 bp
upstream of the vlf-1 ORF to vlf-1 expression, we at-
tempted to change the TAAG to TGCG in the viral ge-
nome using pXA7TGCG and the same strategy described
above but without success. However, if a polh promoter
is placed between the vlf-1 ORF and the TAAG motif, the
TAAG to TGCG mutant recombinant (Fig. 5, vTGCGpolh-
vlf1) was easily obtained, indicating the mutation of the
TAAG motif can be tolerated as long as another promoter
is introduced to provide vlf-1 expression. Similar to
vpolhHisvlf1, vTGCGpolhvlf1 is also delayed in OB pro-
duction. This is probably because vlf-1 is under the
control of the inserted polh promoter in vpolhHisvlf1 and
vTGCGpolhvlf1. Taken together, these results strongly
support the view that vlf-1 is an essential gene and the
TAAG motif is required for vlf-1 expression.
Relationship between the putative integrase activity
of VLF-1 and the functions of VLF-1
Since vlf-1 appears to be a member of the l phage
integrase family, we investigated the relevance of the
FIG. 4. Subcellular localization of FLAG-tagged VLF-1 by immunofluorescence microscopy. Cells were infected with wt AcMNPV (A, D) or vcFgvlfl
(B, E), or transfected with pXA7hspFg (C, F) and the same fields of cells were viewed following staining with DAPI (A, B, C) to indicate the position
of nuclei and rhodamine (D, E, F) to indicate the position of VLF-1.
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three conserved residues thought to have central roles in
the putative integrase activity of VLF-1 by trying to mutate
each of the conserved residues in the context of the
AcMNPV genome using the recombination method de-
scribed above. In the case of the tyrosine residue, which
forms a covalent bond with the DNA substrate during the
recombination reaction catalyzed by other integrases,
we made a conservative substitution of tyrosine by phe-
nylalanine (Y335F) which is predicted to have minimal
effect on the structure of VLF-1 but would completely
inactivate the putative integrase activity. However, we
were unable to isolate the Y335F mutant virus or the
other two mutant recombinants, R210D and R303A (Fig.
5). To rule out the possibility that the VLF-1 bearing the
R210D, R303A, or Y335F mutation is not stable, we
placed each mutant vlf-1 under the control of the strong
p6.9 promoter, transfected the plasmids containing the
mutant vlf-1s into SF-21 cells and then infected the cells
with vpolhHisvlf1, which expresses a larger 6 3 His-
tagged vlf-1. Figure 6 shows that these mutant VLF-1s are
stable. Collectively, these data suggest that the putative
integrase activity of VLF-1 is linked to an essential func-
tion of vlf-1.
We also tested these mutants in transient expression
assays and found that pXA7R210D and pXA7R303A con-
taining mutant vlf-1 R210D and mutant vlf-1 R303A, re-
spectively, lacked the ability to transactivate polh pro-
moter. However, pXA7Y335F containing mutant vlf-1
Y335F functioned as well as pXA7 containing wild type
vlf-1, indicating the putative integrase activity is not re-
quired for the transactivation of the polh promoter by
VLF-1 (Fig. 2).
DISCUSSION
Our results indicate that, in addition to having a role in
very late gene expression, VLF-1 has an important, if not
essential, role in baculovirus replication. VLF-1 was orig-
inally assigned a specific role in very late gene transcrip-
tion based on the properties of the tsB837 mutant
(McLachlin and Miller, 1994). This mutant bears a single
missense mutation, C202Y, which results in a phenotype
that reflects a specific defect in very late gene expres-
sion: BVs are produced at the normal level and rate but
infected cells have little or no polh RNA and are devoid
of OBs. In the current study, however, we show that null
mutants of VLF-1 are either nonviable or that they are so
defective in BV formation that they are extremely difficult
to propagate. We have attempted to construct mutants
with a frameshift or missense mutation in several loca-
tions in vlf-1 but without success, despite having devel-
oped a very powerful system to construct vlf-1 mutants.
One of the most definitive experiments was the ability to
isolate a viable insertion mutant in which an epitope tag
was fused to the N-terminus of VLF-1 and the inability to
isolate a similar mutant with a frameshift in the epitope
tag. Thus, only vlf-1 expression was being altered, not
any possibly embedded ORFs, alternately spliced ORFs,
or neighboring transcriptional units. We conclude that
VLF-1 is not only involved in very late gene expression
but also has an additional and crucial role in infection.
Our inability to construct mutants bearing missense
mutations altering any one of the three highly conserved
residues within the integrase/resolvase motif of VLF-1
suggests that an enzymatic activity specified by this
motif is probably associated with the crucial or essential
function of VLF-1. Members of the l phage Int family use
the same basic mechanism to catalyze DNA recombina-
tion, which requires the participation of several con-
served residues. The conserved tyrosine is particularly
important because it forms a covalent intermediate with
the DNA substrate through its hydroxyl group (Evans et
al., 1990; Kwon et al., 1997; Pargellis et al., 1988). The fact
that a conservative mutation which affects only the hy-
droxyl group of the tyrosine results in a mutant virus
which does not appear to be viable suggests that some
FIG. 6. Stability of mutant VLF-1s determined by Western blot analysis.
SF-21 cells were transfected with 2 mg of pXA76.9, pXA76.9R210D,
pXA76.9R303A, or pXA76.9Y335F, which contain a p6.9 promoter-driven wt
vlf-1, mutant vlf-1 R210D, mutant vlf-1 R303A, or mutant vlf-1 Y335F, respec-
tively, and infected with vpolhHisvlf1 4 h after transfection. Cell lysates
were prepared 24 h p.i. and probed with the polyclonal VLF-1 antibody.
FIG. 5. Schematic presentation of vncBsuvlf1 and the transfer plasmids used to construct vlf-1 recombinant viruses. (A) The structure of the
vncBsuvlf1 recombinant virus. This recombinant has two Bsu36I sites flanking the vlf-1 ORF. The striped box indicates the vlf-1 promoter. (B)
Bsu36I-linearized vncBsuvlf1 DNA was cotransfected into SF-21 cells with each transfer plasmid shown schematically. The titer and plaque phenotype
of BVs in the transfection supernatants were determined by plaque assay. Plaques were screened for double-crossover recombinants. Those transfer
plasmids which failed to give double-crossover recombinants were designated as ‘‘not rescuable’’; the majority of plaques in the transfection mixture
had a wild-type phenotype and were either single-crossover recombinants or wild-type background plaques. The striped box indicates a wild-type
vlf-1 promoter and the TGCG box indicates a mutant vlf-1 promoter with an altered TAAG motif.
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type of DNA-cleaving activity is involved in the ‘‘essential’’
function of VLF-1. Integrases and topoisomerases share
a common catalytic mechanism in that both form inter-
mediates in which the hydroxyl group of a tyrosine be-
comes covalently attached to the 39-OH of the nicked
DNA strands (Champoux, 1994; Evans et al., 1990;
Pargellis et al., 1988) and several members of the Int
family, including l phage Int, Cre of bacteriophage P1,
and yeast FLP, have topoisomerase activities (Abremski
et al., 1986; Beatty et al., 1986; Kikuchi and Nash, 1979).
There is currently no evidence that baculovirus genomes
integrate into their host genome nor is there evidence for
any internal genomic recombinational events during bac-
ulovirus infection. It is more likely that VLF-1 serves as a
topoisomerase or as a resolvase to produce monomeric
viral genomes from concatameric products of the DNA
replication process.
The mutation which affects only the hydroxyl group of
the conserved tyrosine within the integrase motif of
VLF-1 does not affect the very late gene transactivation
function of VLF-1 in transient expression assays. This
indicates that the putative integrase activity of VLF-1 is
not responsible for the transcriptional stimulation of the
polh promoter by VLF-1. Equivalent mutations in genes
with known integrase activity abolish integrase function
(Pargellis et al., 1988; Prasad et al., 1987). We propose
that VLF-1 has two distinct roles, one which requires
DNA cleavage activity and is important for BV production
and a second which does not require DNA cleavage
activity but allows the transcriptional activation of very
late promoters.
VLF-1 is primarily present during the late phase of
infection and is transcriptionally controlled by a typical
late TAAG-containing promoter. Mutation of this TAAG
motif abolishes the ability of the gene to transactivate the
polh promoter in transient assays and also affects the
viability of the mutant virus, apparently by prohibiting
effective transcription of the vlf-1 gene. If another TAAG
promoter is provided, a viable mutant can be isolated.
The nature of the promoter, however, does affect the
phenotype of the virus; when the very late polh promoter
is provided, the phenotype of the virus is altered so that
only very few OBs are produced.
The fact that VLF-1 is primarily a late protein does not
preclude the possibility that it may also function in the
early phase of virus infection since VLF-1 is found in both
budded and occluded virions. Since naked viral DNA is
infectious, the presence of VLF-1 in the early stages of
virus infection is probably not essential but we cannot
eliminate the possibility that it in some way facilitates
early gene expression and/or genomic conformation.
VLF-1 is generally nuclear in its location, consistent with
its proposed roles in influencing both DNA structure and
very late gene transcription, and requires no additional
viral gene products to localize within the nucleus.
MATERIALS AND METHODS
Cell line, plasmids, and recombinant viruses
The Spodoptera frugiperda (fall armyworm) IPLB-SF-21
(SF-21) cell line (Vaughn et al., 1977) was grown at 27°C
in TC-100 medium (GIBCO/BRL) supplemented with 10%
fetal bovine serum (Intergen, Purchase, NY) and 0.26%
tryptose broth (O’Reilly et al., 1992).
pXA7 (McLachlin and Miller, 1994), pXA7dBSA (Todd et
al., 1996), pXAtsEB (McLachlin and Miller, 1994), phcwt
(Rankin et al., 1988), and pCAPCAT (Thiem and Miller,
1990) have been described previously. phcwt and pCAP-
CAT have a reporter gene encoding the CAT under the
control of polh promoter and vp39 promoter, respectively.
The following plasmids were constructed by site-di-
rected mutagenesis, which was performed as described
(Deng and Nickoloff, 1992), using pXA7 as the template
plasmid. pXA7cBsu contains a Bsu36I site (introduced us-
ing oligomer BSU36I: 59-CCCGACGAACCTGAGGAATTGC-
GATTATG-39) 37 bp upstream of the stop codon of the vlf-1
ORF. pXA7nBsu contains a Bsu36I site (introduced us-
ing oligomer N-BSU36I: 59-CCGTTCATTGTCCTTAGGTTA-
ATCAAATT-39) 1 bp upstream of the start codon of the vlf-1
ORF. pXA7ncBsu contains both of these Bsu36I sites (in-
troduced using oligomers BSU36I and N-BSU36I). In
pXA7TGCG, the TAAG motif located 71 bp upstream of the
vlf-1 ORF was mutated to TGCG by using oligomer
vlf1TAAGoff (59-GTTGTTGTTCTCGCAATATTACGAAATAAT-
39). The R210D, R303A, and Y335F mutations of VLF-1 were
generated using oligomer vlf1R210D (59-CGCTTCGTT-
GATATCCATACCCGTCCC-39), vlf1R303A (59-GCTCAAATA-
ATGCGCAATCATGTTGCTGC-39), and vlf1Y . F (59-GTATT-
TGTTCAAGAAATGTTTGGTGCTTG-39) to form pXA7R210D,
pXA7R303A, and pXA7Y335F, respectively.
pXA7cFgvlf1, which contains a FLAG epitope tag (East-
man Kodak Co.) at the C-terminus of vlf-1, was constructed
by inserting two annealed oligomers (Fgupvlf1: 59-CAG-
ACTACAAGGACGACGATGACAAG-39 and Fgdownvlf1 59-
GACTTGTCATCGTCGTCCTTGTAGTC-39) into the Bsu36I
site of pXA7cBsu. pXA76.9 was constructed by inserting a
160-bp p6.9 (Wilson et al., 1987) promoter, which was re-
moved from plasmid p6.9hc (Todd et al., 1996) with EcoRV
and BglII, into the Bsu36I site of pXA7nBsu so that vlf-1 was
under the control of the p6.9 promoter. Similarly, pXA7polh
was constructed by inserting a 92-bp polh promoter, which
was removed from plasmid phcwt with EcoRV and BglII,
into the Bsu36I site of pXA7nBsu so that vlf-1 was under the
control of the polh promoter. Based on pXA7polh,
pXA7polhTGCG was constructed by mutating the TAAG
motif 71 bp upstream of the vlf-1 ORF to TGCG using
oligomer vlf1TAAGoff. A DNA fragment containing a se-
quence encoding six consecutive histidine residues (63)
was amplified from plasmid pAcSG-His NT-C (PharMingen)
by PCR using oligomer PRIM1 (59-CACGGATCCGATGGGA-
CATC-39) and PRIM2 (59-CCGTTCATCGAATTCCTCGAG-
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CATATGC-39). The PCR product digested with BamHI and
EcoRI, a DNA fragment containing a 92-bp polh promoter
removed from phcwt with SalI and BglII, and a pBluescript
II (KS1) (Stratagene) digested with SalI and EcoRI were
ligated together to form ppolhHis so that a polh promoter–
6 3 His cassette was cloned into pBluescript. The polh
promoter–63 His cassette was then removed from ppolh-
His with EcoRV and EcoRI and inserted into the Bsu36I site
of pXA7nBsu to form pXA7polhHis. Thus, pXA7polhHis con-
tains a polh promoter-driven 6 3 His-tagged vlf-1 fusion.
pXA7polhHis was digested with XhoI, blunt-ended, and
religated to form pXA7polhHisd, which has a frameshift
mutation in the 6 3 His portion of the 6 3 His-tagged vlf-1
fusion. pXA7hspFg, which has a FLAG-tagged vlf-1 driven
by the promoter of Drosophila heat shock protein gene
(hsp70), was constructed by removing a FLAG-tagged
hsp70 promoter from pHSFlagHisVI1 (G. G. Prikhod’ko, un-
published) with BamHI and SmaI and inserting it into the
Bsu36I site of pXA7nBsu. pXA76.9R210D, pXA76.9R303A,
and pXA76.9Y335F were constructed by replacing the
BstEII-HindIII fragments containing the vlf-1 promoter of
pXA7R210D, pXA7R303A, and pXA7Y335F, respectively, with
the equivalent fragment of pXA76.9. Thus, vlf-1 containing
these mutations are under the control of the p6.9 promoter
in pXA76.9R210D, pXA76.9R303A, and pXA76.9Y335F.
pATH3Hisvlf1 was constructed by cloning a DNA fragment
containing the vlf-1 ORF into EcoRI-HindIII site of pATH3
(Koerner et al., 1991) with the HindIII end blunt-ended. The
DNA fragment, which was amplified from pXA7 using oli-
gomer PRIM3 (59-AGGAATTCGATGAACGGTTTTAATGTTC-
39) and PRIM4 (59-TCGCCCGGGCTAAATATGGCCAGTG-39),
was digested with EcoRI and SmaI before cloning.
Virus vncBsuvlf1 (Fig. 5) was generated by cotransfect-
ing 106 SF-21 cells with 2 mg pXA7ncBsu DNA and 1 mg
tsB837 DNA. Occlusion-positive plaques were identified
at 33°C. One of them, which was confirmed to be a
double-crossover recombinant by restriction digestion
with Bsu36I, was designated vncBsuvlf1. Other recombi-
nant viruses in Fig. 5 were generated by cotransfecting 2
mg of the corresponding transfer plasmids DNA into 106
SF-21 cells with 1 mg of Bsu36I-linearized vncBsuvlf1
DNA in its original restriction enzyme digestion mixture.
The structure of the recombinants were confirmed by
restriction digestion, PCR, sequencing, or a combination
of these methods as necessary.
Transfection and transient expression assay
All transfections were performed (O’Reilly et al., 1992)
using Lipofectin (GIBCO/BRL). For transient expression
assays, 2 mg of the reporter plasmid and 0.5 mg of any
other clone were used. CAT assays were performed
as described previously (Gorman et al., 1982). A Phos-
phorImager 4000 (Molecular Dynamics, Sunnyvale, CA)
was used for quantification.
Generation of polyclonal antibody against VLF-1
and Western blot analysis
XL1-Blue E. coli (Stratagene) cells transformed with
pATH3Hisvlf1 were used to express trpE-vlf-1 gene fu-
sion as described (Koerner et al., 1991). Proteins from
bacterial cell lysates were separated by SDS–PAGE
(Laemmli, 1970). The region of gel containing the TRPE-
VLF-1 fusion protein was excised, homogenized, and
used to immunize two rabbits. After the second boost
with the fusion protein emulsified in incomplete adjuvant
(Bethyl Laboratories), antisera were collected and shown
to recognize VLF-1.
Protein samples were separated on SDS–10% poly-
acrylamide gels and transferred to nylon membranes
(Millipore). Blots were soaked in TBST buffer (10 mM
Tris–HCl, pH 7.6, 150 mM NaCl, 0.1% Tween 20) with 5%
nonfat dried milk. The antisera against the TRPE-VLF-1
fusion protein (VLF-1 antibody) at a dilution of 1:2500 or
an anti-FLAG M2 monoclonal antibody (FLAG antibody)
at a dilution of 1:5000 was added as the first antibody
followed by addition of 1:10,000 dilution horseradish per-
oxidase-conjugated goat anti-rabbit or anti-mouse immu-
noglobulin G, respectively, as the secondary antibody.
Blots were visualized with the Enhanced chemilumines-
cence Western blot kit (Amersham).
Immunofluorescence
SF-21 cells were infected with a virus at multiplicity of
infection of 20 PFU per cell or transfected with 0.5 mg
pXA7hspFg. Transfected cells were heat shocked 12 h
after transfection. At 24 h p.i. or 4 h after heat shock, cells
were subjected to immunofluorescence analysis as de-
scribed elsewhere (Vucic et al., 1997).
Purification and fractionation of virus particles
OBs and BVs from 200-ml suspension cell cultures
were purified on sucrose gradients as described
(O’Reilly et al., 1992). A portion of the OBs was also
solubilized by incubating with 0.1 M sodium carbonate to
release OVs and neutralizing with 1 M Tris–HCl, pH 7.6,
to a final concentration of 0.1 M. Separation of nucleo-
capsids from membrane envelopes was performed using
minor modifications of a previous protocol (Braunagel
and Summers, 1994). BVs were incubated in 1% Nonidet
P-40 (Sigma), 10 mM Tris–HCl, pH 8.5, at room temper-
ature for 30 min with gentle agitation. The treated BVs
were layered on a cushion of 30% glycerol (w/v), 10 mM
Tris–HCl, pH 8.5, and centrifuged at 150,000 g at 4°C for
1 h. The pellet was recovered as the nucleocapsid frac-
tion. The top of the glycerol cushion was harvested as
the envelope fraction.
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Primer extension
Total cellular RNA was isolated by the guanidinium iso-
thiocyanate–CsCl procedure (Chirgwin et al., 1979) as de-
scribed before (McLachlin and Miller, 1994). One pmol of
59-end-labeled oligomer 16J-vlf1 (59-GCGAACATTAAAAC-
CGTTCATTG-39) was annealed to 25 mg total RNA in 30 ml
annealing buffer (400 mM NaCl, 40 mM Pipes [piperazine-
N,N9-bis(2-ethanesulfonic acid), pH 6.4], 1 mM EDTA) by
heating at 95°C for 5 min and then slowly cooling down to
room temperature. The RNA was precipitated with ethanol
and resuspended in 20 ml fresh reverse transcription buffer
(50 mM Tris–HCl, pH 8.3, 75 mM KCl, 3 mM MgCl, 10 mM
DTT, 100 ng/ml actinomycin D, 0.25 mM dNTP) with 200 U
Maloney murine leukemia virus reverse transcriptase
(GIBCO/BRL, Gaithersburg, MD). The extension reaction
was carried out at 42°C for 1 h. The extension products
were precipitated and analyzed on a sequencing gel.
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